Rats emit 22 kHz ultrasonic vocalizations (USVs) in association with pain, fear, or distress. Whereas the capacity to produce USVs is innate, reactivity to them appears to require experience. Specifically, 22 kHz USVs fail to elicit freezing behavior in naïve laboratory rats. However, these "alarm calls" do elicit freezing in rats that previously experienced foot shocks. These findings led to the hypothesis that acquired reactivity is based on "autoconditioning"-learning in which self-generated 22 kHz USVs serve as Pavlovian cues that become associated with foot shocks. The current study tested the autoconditioning hypothesis by devocalizing rats through a unilateral transection of the recurrent laryngeal nerve (Experimental group). Subsequently, animals in both the Experimental and sham-operated Control groups received five unsignaled foot shocks. One or two days later, both groups were tested for USVelicited freezing in a novel context. Recurrent laryngeal nerve transection failed to prevent or even diminish USV-elicited freezing. In fact, both groups showed large and comparable increases in freezing to USV presentations. A subset of Control animals failed to vocalize during conditioning, while some Experimental animals did vocalize during conditioning. Animals were therefore re-grouped and reanalyzed based on whether they vocalized during conditioning. Again, both groups showed large and comparable increases in USV-elicited freezing. These results disconfirm the essential tenet or prediction of the autoconditioning hypothesis. Alternative mechanisms for acquired reactivity to 22 kHz USVs are therefore considered.
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calls, but can acquire alarm signal value as a consequence of experience [25, 27, 29] . How might this occur? A study by Kim et al. [29] discovered a possible clue; one that lead to their Pavlovian theory of "autoconditioning". They found that laboratory rats do respond fearfully to 22 kHz USVs (by exhibiting freezing behavior) if they received a series of aversive foot shocks 24 hours prior to testing. For testing USV responsiveness, the USVs were presented live by a sender rat that was in the same testing chamber with, and could be visualized by, the receiver rat. The sender rat, which had previously been fear conditioned to an audible (2.9 kHz) continuous tone CS, was made to vocalize by presenting the tone.
Without the prior foot shocks, the receiver animals were completely unresponsive to these USVs. Similar findings were reported by Parsana et al. [27] , who tested responsiveness to the playback of a previously recorded USV (obtained from an unfamiliar conspecific) rather than a live signal. This study replicated the shock effect on USV reactivity and further isolated the effect by eliminating all social influences-including visual and olfactory cues-during the presentation of the USV. Furthermore, these results demonstrated that shock-induced USV reactivity can be induced and expressed in the complete absence of conspecifics. This strictly non-social form of learning might play an essential role in rodent social interactions. Interestingly, foot shocks did not cause a significant increase in freezing in response to the presentation of a previously recorded 50 kHz USV (also taken from an unfamiliar conspecific).
According to the study by Kim et al. [29] , the essential mechanism underlying this acquired reactivity to 22 kHz USVs involves what was termed "autoconditioning". More specifically, they hypothesized that acquired USV reactivity entails a form of Pavlovian conditioning in which the CS consists of hearing self-generated 22 kHz USVs. These self-generated CSs become associated with subsequent foot shocks, which serve as a Pavlovian US. The present experiment tests and fails to support the autoconditioning hypothesis.
Methods

Subjects
Thirty-one Sprague-Dawley male rats (Simonsen Laboratories, Gilroy, CA; 250-350g) were randomly assigned to an Experimental group (n = 16) or a Control group (n = 15). Animals were
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A C C E P T E D M A N U S C R I P T maintained on a 16/8 hr light/dark cycle and had free access to food and water. Prior to surgery, the animals were group-housed and handled twice in the vivarium and 2 -3 times in the behavior room, where all parts of the experiment took place. Following surgery, animals were singly housed and handled an additional 5 -7 times in the behavior room. All experimental methods were approved by the California State University, Sacramento Institutional Animal Care and Use Committee and conducted in accordance with the National Institutes of Health guide for the care and use of Laboratory animals.
Surgery
Subjects were anesthetized with a mixture of ketamine (100 mg/kg, i.p.), xylazine (10 mg/kg, i.p.) and acepromazine (8 mg/kg, i.p.) for surgical procedures. Throughout the surgery, animals were kept on a heating pad to maintain body temperature. A petroleum-based ophthalmic ointment was applied to both eyes to prevent the cornea from drying out. After shaving and disinfecting the ventral surface of the neck, a 2 cm long incision was made. The sternohyoideus muscle was separated to expose the trachea. Using a dissecting microscope (Precision Stereo Zoom Binocular Microscope, World Precision Instruments (WPI); Sarasota, FL), the diminutive recurrent laryngeal nerves were located running adjacent and parallel to the trachea.
In the Experimental group, a 3 mm section of the nerve was removed on the left or right side, depending on which was easier to visualize. This unilateral nerve transection procedure was previously reported to render the animals unable to vocalize [32] [33] [34] [35] . It is worth noting that bilateral nerve transections can cause breathing or swallowing problems. In the Control group, the recurrent laryngeal nerve was visually identified but left intact. Finally, the skin was sutured, a topical antibiotic ointment was applied, and an analgesic was given (ketoprofen, 8mg/kg, s.c.). Following surgery, animals were allowed 5 -7 days for recovery before the start of the behavioral paradigm. At the end of the experiment, rats were given an overdose of a mixture of phenytoin and pentobarbital (Beuthanasia-D ® ; 100 mg/kg, i.p.). In Chamber B, which served as part of a context shift during the USV presentation, the aluminum walls were covered with damask-designed wallpaper. An odorant (Febreeze ® ) was placed on the bottom tray of the chamber and the grid floor was replaced with a sheet of hard plastic with multiple holes. On the day of the context shift, the lights in the behavior room were turned off. After each behavioral session, both chambers were cleaned with soap and water as well as an odorless cleanser (Anywhere Hard Surface Daily Sanitizer Spray; Clorox ® ).
Behavior Apparatus
Auditory Stimulus
USV responsiveness was tested in the shifted context (Chamber B, described above) to help separate reactivity to the USV from reactivity to the conditioning context. During the USV presentation session, a pre-recorded 22 kHz USV obtained from a conspecific was presented free-field using an Enhanced Real-Time Processor (RP2.1, Tucker Davis Technologies (TDT); Alachua, FL) and an electrostatic speaker (ED1, TDT). The speaker was located on the right wall of the behavioral chamber.
The pre-recorded 22 kHz USV was elicited from a naïve rat by unsignaled foot shocks delivered through a grid floor (1.0 s, 1.0 mA). USVs were digitally recorded (RP2.1, TDT) and stored on a computer (100 kHz sampling rate, 32 bit).
The pre-recorded bout of 22 kHz USVs (11 calls lasting 7.7 s) was delivered at 65 dbSPL. The mean frequency of the bout of calls was ~19 kHz. The mean (± SE) call duration was 575 ± 44 ms and the mean (± SE) inter-call interval was 132 ± 2 ms. The spectrogram and amplitude plot of this USV are
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A C C E P T E D M A N U S C R I P T illustrated elsewhere [8, 10, 25] . Loudness measurements were made at the floor level of the behavioral chamber using an ultrasonic decibel meter (Ultraprobe 9000, UE Systems; Elmsford, NY).
Behavioral Paradigm
Behavioral procedures consisted of three parts: contextual fear conditioning, context testing, and USV presentation. Context testing and USV presentations were done, in counterbalanced order, one or two days after the initial conditioning session. During both fear conditioning and the context test, animals were carried into the behavior room in their home cage. During the USV presentation, animals were carried to the behavioral room in a cylindrical, plastic ice bucket and transported using a longer, indirect route to the behavior room. All the animals were fear conditioned in Chamber A. Following a 60 s baseline period, rats received 5 unsignaled foot shocks (0.5 s, 1 mA) that were distributed across an 8 min period with a mean inter-shock interval of 120 s and a range from 100 -140 s.
On the next two days, animals received a context test and a USV presentation. During the context test, animals were re-exposed to Chamber A for 9 min. The USV presentation was done in Chamber B. Following a 60 s baseline period, animals received a 6 min presentation of the pre-recorded 22 kHz USV [27] . Animals remained in the chamber for 1 min following the termination of the USV presentation. The presentation of all experimental stimuli was controlled by MED-PC V. Specialists; Mesa, AZ) mounted to the ceilings of the two chambers. Freezing behavior, which was analyzed using custom video-analysis software [25, 36] , was defined conventionally as the cessation of all movement except that required for respiration. Brief cessations of movement, lasting less than 1 s, were not included as instances of freezing. For each animal, the total amount of freezing was quantified in The number of calls from one animal in the Control group was not measured due to an error in the video file.
Data Analysis
Data were entered into SPSS Version 22 (IBM; Armonk, NY). Significant differences in freezing were evaluated using analysis of variance (ANOVA) and two-tailed t-tests, all with a significance level of p < 0.05. Small, medium, and large effect sizes (η 2 ) for these statistics correspond, respectively, to η 2 values of 0.01, 0.06, and 0.14 [37] . When appropriate, post-hoc comparisons used t-tests with a
Bonferroni corrected p-value of 0.05. As in the study by Kim et al. [29] , a Pearson r was used to quantify the association between the latency to vocalize ultrasonically during conditioning and the amount of 
Results
The autoconditioning hypothesis predicts that a failure to vocalize during the US presentations should prevent acquired reactivity to 22 kHz USVs. To test this prediction, animals in the Experimental group underwent a devocalization procedure that entailed a unilateral transection of the recurrent ACCEPTED MANUSCRIPT
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laryngeal nerve [32] [33] [34] [35] . Animals in the Control group received a sham operation. As expected, these two groups differed significantly in terms of the number of animals that vocalized during conditioning (χ 2 = 7.43, df = 1, N = 31, p < 0.01; ϕ = 0.49). There was also a significant difference in the mean number of 22 kHz USV calls emitted by the Control animals (M = 168.6) and the Experimental animals (M =33.7; t 29 = 2.61, p = 0.01). Thus, the surgeries were generally successful.
However, the group assignments were not perfectly predictive of vocalization. Of the 15 rats assigned to the Control group, 3 failed to vocalize during fear conditioning. In addition, of the 16 rats assigned to the Experimental group, 5 did vocalize during conditioning. This last fact may reflect imperfect nerve transections during surgery. After removal of these 8 rats, 23 rats remained with 11 rats in the Experimental group and 12 rats in the Control group. In what follows, we first analyzed this subset of 23 animals. Next, we compared all of the animals (N = 31) based on whether they vocalized (n = 17) or failed to vocalize (n = 14) during conditioning, disregarding their original surgical group assignments.
Control group vs Experimental group
3.1.1. Fear Conditioning. After being placed in the conditioning chamber, each animal received 5 unsignaled foot shocks. Figure 1A compares the overall mean level of freezing in the Control group (n = 12) and Experimental group (n = 11) during the baseline period (labeled "B") and during conditioning (combining freezing levels over the 8 time bins). As indicated in Figure 1A , none of the animals exhibited freezing behavior during the 1-min baseline period (labeled "B"). The mean levels of freezing during the conditioning phase in the Control group and the Experimental group were 66.5% (± 4.9%) and 67.1% (± 3.1%), respectively ( 
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A C C E P T E D M A N U S C R I P T both groups. showed significantly higher freezing levels during the USV presentation than during the baseline period, as denoted by asterisks (p < 0.01). 
A C C E P T E D M A N U S C R I P T 1B). This small difference was not statistically significant (t 21 = 0.52, p = 0.61). The overall high level of context-elicited freezing likely reflects the absence of a cue during conditioning. Thus, both groups exhibited high and comparable levels of context-elicited freezing (Fig. 1B) .
USV Presentation.
During the USV presentation, animals were presented (after a baseline period) with a pre-recorded 22 kHz USV for 6 min in a novel context (Chamber B). Figure 1C These results replicate two previous reports that 22 kHz USVs do elicit freezing in rats that have previously received shocks [27, 29] . Additional post hoc t tests found no significant differences in mean freezing levels between the two groups during the baseline period (t 21 = 0.76, p = 0.46) or during the USV presentation period (t 21 = 0.07, p = 0.94; Fig. lC) . The results disconfirm an essential prediction (or foundational assumption) of the autoconditioning hypothesis; namely, that rats must vocalize to acquire reactivity to a 22 kHz USV. The main finding is that nerve transection in the Experimental group (n = 11) failed to prevent shock-induced reactivity to 22 kHz USVs (Fig. 1C) . A subtler result is that the nerve transection surgery failed even to diminish shock-induced reactivity to these calls. Figure 2A shows the frequency distribution of USV onset latencies in the Control group during fear conditioning. The majority of animals vocalized within the first 5 minutes of conditioning (10/12 rats; 83.3%). Figure 2B plots freezing levels during the USV presentation
USV Onset Latencies.
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(Day 2 or 3 of the fear conditioning paradigm) against the USV onset latency during conditioning. The study by Kim et al. [29] reported a significant negative correlation (r = -0.78) between USV onset latencies during fear conditioning and the magnitude of subsequent USV-elicited freezing, indicating that animals that emitted USVs earlier during fear conditioning exhibited higher levels of freezing during testing. This negative correlation was suggested to support the autoconditioning hypothesis. The argument was that animals that vocalized earlier during conditioning underwent more conditioning trials (USV-shock pairings) and should, therefore, evidence more fear during the USV test.
Although this prediction makes sense, in terms of the autoconditioning hypothesis, the present study failed to replicate the result. There was no significant correlation between the USV onset latency and freezing during the USV presentation (r(10) = +0.16, p = 0.63; Fig. 2B ). A second analysis found that the number of USV calls emitted by animals in the Control group during Conditioning was also not significantly correlated with freezing during the USV presentation (r(9) = -0.233, p = 0.491). 
-----------------------------------------Figure 2 begin-----------------------------------------
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latencies and level freezing during the USV presentation was not significant. The strong negative correlation predicted by the autoconditioning hypothesis was not observed.
-----------------------------------------Figure 2 end-----------------------------------------
Vocalizer group vs Non-Vocalizer group
The data from all 31 of the original animals were re-analyzed based on whether the animals actually emitted 22 kHz USVs (Vocalizer group; n = 17) or failed to produce 22 kHz USVs (NonVocalizer group; n = 14) during fear conditioning. Recall that the previous analysis (see Control group vs Experimental group section) excluded 3 animals from the Control group that failed to vocalize during fear conditioning and 5 animals from the Experimental group that did emit USVs during fear conditioning.
The rationale behind this alternative analysis was, partly, that the larger sample size might increase the statistical power in detecting group differences. In addition, it allowed us to test the more general prediction of the autoconditioning hypothesis that animals that do not vocalize during conditioningregardless of the cause-should not acquire reactivity to 22 kHz USVs. Figure 3A , none of the animals exhibited freezing behavior during the baseline period (labeled "B"). The mean levels of freezing during the conditioning phase in the Vocalizer group and the Non-Vocalizer group were 70.0% (± 3.8%) and 62.7% (± 3.7%), respectively (Fig. 3A) . A two-way ANOVA comparing phase (baseline vs conditioning) and group (NonVocalizer vs Vocalizer) showed a significant main effect of phase (F 1,58 = 609.31, p < 0.001; η 2 = 1.00) and no significant main of group (F 1,58 = 1.86, p = 0.18). Post hoc analyses found a significant difference between the level of freezing during the baseline period compared to the conditioning period in both the Vocalizer group (t 32 = 18.42, p < 0.001) and the Non-Vocalizer group (t 26 = 16.90, p < 0.001; Fig. 3A ).
Fear Conditioning. As indicated in
An additional post hoc t test found no significant group difference in freezing levels during the conditioning period (t 29 = 1.36, p = 0.18).
-----------------------------------------Figure 3 begin-----------------------------------------
A C C E P T E D M
A N U S C R I P T graph summarizing the overall mean percent freezing during the baseline period (labeled "B") and during the 6 minute USV presentation. Both groups showed significantly higher freezing levels during the USV presentation than the baseline period, as denoted by asterisks (p < 0.01). Figure 3B displays the levels of context-elicited freezing in the Vocalizer and Non-Vocalizer groups during the context test. The overall mean levels of context-elicited freezing in the Vocalizer and Non-Vocalizer groups were, respectively, 70.3% (± 5.3%) and 74.7% (± 5.4%; Fig.   3B ). A t test found no significant group differences (t 29 = -0.58, p = 0.57). There was a high and comparable level of context-elicited freezing in both groups of animals (Fig. 3B) . Again, the overall high level of context-elicited freezing likely is due to the absence of a cue during fear conditioning. Figure 3C shows the mean percent freezing during the USV presentation. In the Vocalizer group, freezing levels during the baseline period and the USV presentation
-----------------------------------------Figure 3 end-----------------------------------------
Context Test.
USV Presentation.
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A C C E P T E D M A N U S C R I P T were 23.8% (± 3.7%) and 48.5% (± 7.4%), respectively. Similar levels were observed in the NonVocalizer group: 28.2% (± 4.5%) during the baseline period and 54.1% (± 7.4%) during the USV presentation. A two-way ANOVA comparing phase (baseline vs USV presentation) and group (NonVocalizer vs Vocalizer) showed a significant main effect of phase (F 1,58 = 17.73, p < 0.001; η 2 = 0.99); no significant main of group (F 1,58 = 0.70, p = 0.41); and no significant phase by group interaction (F 1,58 = 0.01, p = 0.92; Fig. 3C ). Post hoc analyses found a significant difference between the level of freezing during the baseline period compared to the USV presentation in both the Vocalizer group (t 32 = 2.99, p < 0.01) and the Non-Vocalizer group (t 26 = 3.00, p < 0.01; Fig. 3C ). Additional post hoc tests confirmed that there were no significant differences in mean freezing levels between the two groups during the baseline period (t 29 = 0.78, p = 0.44) or during the USV presentation period (t 29 = 0.53, p = 0.60; Fig. 3C ).
The results of this re-analysis again disconfirm an essential prediction of the autoconditioning hypothesis that animals that do not vocalize during fear conditioning should not acquire reactivity to 22 kHz USVs.
USV Onset Latencies.
The frequency distribution of USV onset latencies is summarized in Figure 4A . Similar to the previous analysis of latency, the majority of animals vocalized within the first 5 minutes of conditioning (15/17 rats; 88.2%). No significant correlation was found between the USV onset latency during fear conditioning and the mean percent freezing during the USV presentation (r(15) = +0.13, p = 0.62; Fig. 4B ), in contrast to the findings of the study by Kim et al. [29] and contrary to the expectations of the autoconditioning hypothesis. The total number of USV calls emitted by animals in the Vocalizer group during fear conditioning was also not significantly correlated with the level of freezing during the USV presentation (r(14) = 0.059, p = 0.829). 
-----------------------------------------Figure 4 end-----------------------------------------
General Discussion
In a replication of two previous experiments [27, 29] , the present study found significant USVelicited freezing in Sprague Dawley rats that had previously undergone contextual fear conditioning.
However, the results disconfirmed the central assumption of the autoconditioning hypothesis [27, 29] ;
namely, that shock-induced reactivity to 22 kHz USVs depends on vocalization during fear conditioning.
The results show that there is no requirement for vocalization during conditioning (Figs. 1C and 3C ).
Furthermore, vocalization during conditioning was actually unrelated to the outcome of USV-elicited freezing. The results also disconfirmed the prediction that there should be a negative correlation between the latency to vocalize during fear conditioning and the level of freezing during the USV presentation.
Instead, there was a non-significant positive correlation ( Figs 2B and 4B ). In what follows we explore some alternative associative and non-associative mechanisms that might support acquired reactivity to 22 kHz USVs.
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An Alternative Associative Mechanism
In view of these results, one wonders whether there might be an alternative associative process that does not require hearing self-generated USVs. One possibility is that some form of "efference copy"
serves as the CS, even in the absence of an audible vocalization. Efference copy, also sometimes termed "corollary discharge", refers to an internal copy of a motor command [38] [39] [40] [41] . Recent studies have implicated efference copy as a mechanism for error detection during vocal processes, such as in song production in zebra finches [41] and speech production in humans [42] . In the present context, a copy of a motor command could theoretically serve as an interoceptive CS [43] .
However, two sets of results raise potential problems for the efference-copy hypothesis. A second potential problem for the efference-copy hypothesis is that inactivation of the medial geniculate nucleus of the thalamus (MGN), during the presentation of foot shocks, was reported to prevent shock-induced reactivity to USVs [29] . MGN inactivation was done using bilateral lidocaine infusions. Since the principle function of MGN is to communicate auditory information to the telencephalon, its inhibition would not be expected to block corollary discharge. One potential limitation of this finding is that the infused lidocaine could have spread to parts of the thalamus that are involved in processing the US. Separate tests need to be done to evaluate possible drug effects on US processing. A complementary way to assess the problem of drug spread would be to inject a labeled inhibitory compound [44] . In summary, we conclude that further studies are required to demonstrate that corollary discharge plays no role in support of shock-induced USV reactivity.
An Alternative Non-Associative Mechanism
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In contrast to the mechanisms considered thus far, shock-induced reactivity to 22 kHz USVs might reflect a non-associative process, such as pseudo-conditioning. The latter refers to the fact that one or more unpaired US presentations can induce responding to a novel cue [45] . In some cases, the response to this cue can resemble a conditional response (CR), even though there were no CS-US pairings. In the present case, the aversive foot shock experience may have caused the animals to react fearfully to a range of stimuli, not just 22 kHz USVs.
Although this possibility has not yet been systematically evaluated, evidence from two studies suggests some degree of stimulus specificity. First, the study by Kim et al. [29] reported that their receiver rats, described earlier, did not freeze in response to a 3 kHz tone but did respond to a live 22 kHz USV. Second, Parsana et al. [27] reported that the shock-induced reactivity to a 22 kHz USV did not generalize to a 50 kHz USV. However, we hasten to point that neither of these two findings was based on a properly-designed psychophysical experiment, which still needs to be conducted. Notably, there are instances in which pseudo-conditioning does result in some degree of stimulus specificity [46] [47] [48] [49] .
New Questions and Directions
Additional research is needed to isolate the mechanism(s) responsible for reactivity to 22 kHz USVs.
As previously noted, one issue concerns the stimulus specificity of shock-induced reactivity to alarm calls. Properly-designed psychophysical studies are needed to evaluate the actual stimulus specificity of the shock effect. Not yet mentioned is the fact that nothing is known about the time course of the shock effect on USV reactivity. Is this a persistent effect, like ordinary fear conditioning? Or does the reactivity vanish in a few days?
Thus far, our discussion has been motivated by the fact that naïve Sprague-Dawley rats do not react fearfully to 22 kHz USVs. One naturally wonders whether this strain of rats, which was specifically bred for an abundance of docile behavior, might be exceptional. Is it possible that less tame strains, such as the brown Norway line, are innately reactive to 22 kHz USVs? There are known strain differences in regard to the production of 22 kHz USVs [50, 51] . Perhaps there are also strain differences in reactivity.
Another consideration is whether freezing behavior is the most sensitive or appropriate index of
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kHz USVs [4, 23, 24, 52] . Indeed, there is evidence that the processing or encoding of 22 kHz USVs differs from the processing or encoding of certain other acoustic stimuli [8, 25, 26, 53] . However, for the present purpose, which concerns acquired reactivity to 22 kHz USVs, freezing behavior is sufficiently sensitive.
Regardless of the mechanism of shock-induced reactivity to 22 kHz USVs, it remains possible that under more natural rearing conditions some form of social learning controls the acquisition of defensive responses to 22 kHz USVs. Additional research is required to shed light on these remaining questions, as the answers are critical to understanding the neuroethology of rodents and related mammals and the evolution of emotional communication [54] .
Conclusion
Several studies concluded that Sprague Dawley laboratory rats are not innately afraid of 22 kHz alarm calls from conspecifics. This conclusion was based on the analysis of freezing behavior, the most commonly used index of fear in rats. However, based on this same behavioral measure, rats do become fearful of 22 kHz USVs if they received unsignaled foot shocks on the previous day. According to the "autoconditioning" hypothesis, the animal associates its own shock-elicited 22 kHz USVs with the foot shocks that are eliciting them. Thus, the shock-elicited USVs serve as Pavlovian CSs. The autoconditioning hypothesis is based on the essential assumption or prediction that animals that fail to vocalize during the foot shocks will remain unfearful of 22 kHz USVs. This prediction was tested and disconfirmed. Whether an animal vocalized or was silent during the unsignaled foot shocks was unrelated to acquired reactivity to USVs, measured by freezing behavior. These results fail to support the autoconditioning hypothesis. We therefore considered several alternative and testable possibilities.  The autoconditioning hypothesis proposes that rats become fearful of 22 kHz USVs by associating their own USVs with an aversive experience.
 Therefore, rats that fail to vocalize during the aversive experience should not become reactive to these USVs.
 The present study disconfirmed this essential prediction of the autoconditioning hypothesis.
